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ABSTRACT

Shiga toxin-producing Escherichia coli (STEC) is an important foodborne pathogen that can cause hemorrhagic colitis and he-
molytic-uremic syndrome. Cattle are the primary reservoir for STEC, and food or water contaminated with cattle feces is the
most common source of infections in humans. Consequently, we conducted a cross-sectional study of 1,096 cattle in six dairy
herds (n � 718 animals) and five beef herds (n � 378 animals) in the summers of 2011 and 2012 to identify epidemiological fac-
tors associated with shedding. Fecal samples were obtained from each animal and cultured for STEC. Multivariate analyses were
performed to identify risk factors associated with STEC positivity. The prevalence of STEC was higher in beef cattle (21%) than
dairy cattle (13%) (odds ratio [OR], 1.76; 95% confidence interval [CI], 1.25, 2.47), with considerable variation occurring across
herds (range, 6% to 54%). Dairy cattle were significantly more likely to shed STEC when the average temperature was >28.9°C 1
to 5 days prior to sampling (OR, 2.5; 95% CI, 1.25, 4.91), during their first lactation (OR, 1.8; 95% CI, 1.1, 2.8), and when they
were <30 days in milk (OR, 3.9; 95% CI, 2.1, 7.2). These data suggest that the stress or the negative energy balance associated
with lactation may result in increased STEC shedding frequencies in Michigan during the warm summer months. Future preven-
tion strategies aimed at reducing stress during lactation or isolating high-risk animals could be implemented to reduce herd-
level shedding levels and avoid transmission of STEC to susceptible animals and people.

IMPORTANCE

STEC shedding frequencies vary considerably across cattle herds in Michigan, and the shedding frequency of strains belonging
to non-O157 serotypes far exceeds the shedding frequency of O157 strains, which is congruent with human infections in the
state. Dairy cattle sampled at higher temperatures, in their first lactation, and early in the milk production stage were signifi-
cantly more likely to shed STEC, which could be due to stress or a negative energy balance. Future studies should focus on the
isolation of high-risk animals to decrease herd shedding levels and the potential for contamination of the food supply.

Shiga toxin-producing Escherichia coli (STEC) is an important
foodborne pathogen in both developed and developing coun-

tries. STEC can cause hemorrhagic colitis and hemolytic-uremic
syndrome (HUS), which can lead to kidney failure and death,
particularly in young children (1). STEC strains belonging to se-
rotype O157:H7 have been reported to cause human infections at
the highest frequency, although there has been a steady increase in
the detection of cases caused by STEC serotypes other than O157
(non-O157 STEC) (2–4). This increase is due in part to changes in
laboratory diagnostic practices targeting non-O157 STEC (5). The
incidence of non-O157 STEC infections in the United States in-
creased from 0.12 per 100,000 population in 2000 to 0.95 per
100,000 in 2010, while the incidence of STEC O157 infections
decreased from 2.17 to 0.95 per 100,000 over the same time period
(4). In 2013, 561 cases (1.17 per 100,000 people) of non-O157
STEC infection were reported, whereas 552 cases (1.15 cases per
100,000) of STEC O157 infection were reported. Similar increases
and trends were observed in Michigan patients (6), demonstrating
that enteric infections attributable to non-O157 STEC are as im-
portant as those attributable to STEC O157 in terms of disease
frequency, though STEC O157 has been linked to more severe
clinical outcomes (4).

STEC is defined by the presence of genes encoding Shiga toxins
(Stx) carried on bacteriophages (7). The two major Stx types are
Stx1 and Stx2, but additional subtypes (e.g., Stx2c to Stx2g) have

also been described (8). The eaeA gene, which is present on the
locus of enterocyte effacement (LEE) pathogenicity island and
encodes the intimin protein, is important for intimate attachment
to the intestinal mucosa and the formation of attaching and effac-
ing lesions (9). Strains containing the LEE island and at least one
stx subtype represent a subset of STEC strains that are classified as
enterohemorrhagic E. coli (EHEC) (10). Although some STEC
strains of various serotypes are capable of causing hemorrhagic
colitis and HUS (11), EHEC typically causes more severe clinical
symptoms in humans (10).
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Cattle are an important reservoir for STEC, and food or water
contaminated with cattle feces are common sources of infection
for humans (12). Indeed, one study utilized spatial regression
analysis to identify a positive association between cattle density
and STEC O157 infections (13). Other sources of potential STEC
infection include direct contact with domestic animals, such as
swine, dogs, and cats, and wildlife, including wild white-tailed
deer (14). The prevalence of STEC has been shown to vary across
food animal production systems in the United States and other
countries. For example, the prevalence of STEC O157 was 45%,
19%, and 8% in cow-calf operations in Ontario, Canada; feedlots
in Scotland; and dairy cattle in Washington State, respectively
(15–17). Similarly, the prevalence of non-O157 STEC reported in
feedlots and beef cattle on pasture also varies, ranging from 5% to
56% (18).

Factors associated with low or high herd prevalence are not
fully understood, particularly for non-O157 STEC. Indeed, most
prior studies have attempted to identify risk factors associated
with STEC O157 shedding in cattle, though few consistent factors
have been identified. For example, season, herd management
practices (e.g., manure removal), age, level of animal-to-animal
contact, pathogen density, stress, and diet were suggested to be
important for STEC O157 shedding in different study populations
(15, 19–22). Additional studies are therefore needed to better un-
derstand the risk factors associated with shedding at both the herd
and animal levels in specific geographical locations, particularly
those with a high frequency of human infections. Here, we con-
ducted a cross-sectional study of 1,096 animals from six dairy and
five beef herds in Michigan during the summers of 2011 and 2012.
Given the detailed epidemiological data collected for each herd,
we sought to identify factors associated with STEC shedding in
Michigan cattle. The identification of cattle with an enhanced risk
of STEC could result in improvements to and the development of
intervention practices aimed at reducing the level and frequency at
which STEC enters the food supply.

MATERIALS AND METHODS
Herd selection and sampling. Six dairy farms and five beef feedlots were
selected for inclusion in the study on the basis of the availability of records
and animal-handling facilities, geographical location, and willingness to
participate. The sampling strategy was based on the type of herd and the
number of cattle available. In dairy herds with less than 175 animals, all
adult cattle were sampled, with the exception of herd D6. For the larger
dairy herds, only a subset of animals representing different management
groups (e.g., dry versus lactating) was sampled. In the beef feedlots, a herd
was defined as cattle managed as one unit during the same time period.
Approval to conduct the study was obtained by the Michigan State Uni-
versity Institutional Animal Care and Use Committee (AN12/10-223-00).
The farm owners provided written informed consent and were inter-
viewed by one member of the research team. Separate questionnaires were
used for the managers of the dairy farms and beef feedlots, though both
questionnaires consisted of closed and open-ended questions addressing
farm demographics, animal movements, farm management practices, and
herd health management strategies.

Herds were sampled between 11 May and 16 August 2011 (n � 5) or
between 21 May and 27 August 2012 (n � 6). The date, time, latitude, and
longitude were recorded for each farm sampled. Season was defined by the
day of the equinoxes and solstices indicated on the Gregorian calendar.
The maximum, minimum, and average temperatures from the day of
sampling and the preceding 5 days were also recorded using data from the
closest weather station (Quality Controlled Local Climatological Data
[NOAA]). Fecal samples (i.e., rectal contents) were collected from each

animal by rectal palpation using individual obstetrical sleeves. Samples
from the first four herds (n � 496 animals) were transported to the labo-
ratory on ice, stored at 4°C, and processed within 48 h. The remaining
samples from seven herds were transported in coolers without ice and
were processed within 8 h of sample collection.

STEC detection and isolation. Five grams of feces was inoculated in
2� EC broth (Oxoid Ltd., Waltham, MA) supplemented with novobiocin
(8 mg/liter), rifampin (2 mg/liter), and potassium tellurite (1 mg/liter) for
24 h at 42°C (23), followed by subculture on CHROMagar STEC (CHRO-
Magar, Paris, France) and sorbitol MacConkey (SMAC) agar. A portion of
the EC culture was also processed by immunomagnetic separation using
Dynabeads (Invitrogen Corporation, Carlsbad, CA, USA) specific for E.
coli O157, followed by subculture to O157 CHROMagar STEC and SMAC
agar. Up to 20 presumptive colonies were selected from each plate, inoc-
ulated into Luria-Bertani (LB) broth for growth overnight at 37°C, and
confirmed to be STEC by PCR targeting stx1, stx2, and eaeA, as described
previously (24). Individual cattle were considered to be positive for STEC
if at least one stx-positive colony was recovered from the fecal sample.

Data analysis. The proportion of cattle with STEC was calculated, and
prevalence was compared among herds. For both the univariate and mul-
tivariate analyses, the dependent variable was the STEC status (positive or
negative) of each animal; the herd variable was included as a random effect
to control for differences across herds. Independent variables with non-
normal distributions were converted into binary or categorical variables
on the basis of averages or quartiles. Generalized linear mixed models
(GLMM) and the chi-square test were used to identify variables yielding
significant associations with STEC status. Odds ratios (OR) and 95% con-
fidence intervals (CI) were calculated to estimate the magnitude of these
associations and to identify confounders and effect modifiers. Separate
analyses were conducted for beef and dairy herds.

A univariate analysis was first conducted to identify associations be-
tween the outcome variable and potential risk factors; variables with P
values of �0.15 were included in the multivariate analysis. A manual
backward elimination procedure was used to build the final multivariable
models until only significant covariates and significant and biologically
meaningful variables were retained. If potential risk factors were corre-
lated with a correlation coefficient greater than or equal to 0.9, only one of
these variables was included in the final multivariable model. Statistical
analyses were conducted in SAS (version 9.3) software (SAS Institute,
Cary, NC, USA).

RESULTS
Prevalence of stx-positive E. coli in Michigan dairy and beef cat-
tle. A total of 1,108 animals were sampled during the course of this
study; 724 (65%) were dairy cattle, and 384 (35%) were beef cattle.
Twelve animals (six beef cattle and six dairy cattle) were excluded
due to missing laboratory results, leaving a total of 1,096 individ-
ual cattle (378 beef cattle and 718 dairy cattle) in the final analysis.
At least one stx-positive E. coli colony (isolate) was detected in 175
(16%) of the animals sampled. The prevalence of STEC varied
considerably across herds, with a range of 6% to 54% (Table 1).
Among all herds, STEC was significantly more likely to be detected
in beef cattle (n � 80; 21.2%) than dairy cattle (n � 95; 13.2%)
(OR, 1.8; 95% CI, 1.27, 2.44). There was also a significant differ-
ence in the prevalence of STEC by year, with 2012 (n � 118; 23%)
having a higher prevalence than 2011 (n � 57; 10%) (OR, 2.8; 95%
CI, 1.96, 3.88). Differences in STEC prevalence were not observed
between the spring (18%) and summer (15%) months (P � 0.19).

Among the 522 stx-positive isolates recovered from the 175
STEC-positive animals, O157 was found in only 19 (11%) ani-
mals. Sixteen of these 19 animals were from one dairy herd sam-
pled in 2012, and all 16 animals had isolates positive for eae, stx1,
and stx2. The remaining three O157 isolates were recovered from
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animals in two beef herds and one dairy herd. Because of the low
frequency of O157 isolates in this cattle population, the remainder
of the analyses focused on evaluating all stx-positive isolates to-
gether regardless of serotype.

Among the stx-positive isolates recovered, the frequency of
specific virulence genes varied across herds as well as among cattle
from the same herd. Overall, stx1-positive isolates were detected in
51 (29%) animals, and stx2-positive isolates were found in 74
(42%) animals; a total of 50 (29%) animals had isolates positive
for both stx1 and stx2 (Fig. 1). A subset of 17 (10%) cattle were
shedding more than one STEC strain type, as multiple isolates
with distinct stx profiles were recovered. At the herd level, one beef
herd had isolates positive only for stx1, whereas the remaining
herds had isolates with multiple stx profiles. In all, beef cattle were
significantly more likely to shed stx2-positive isolates than dairy
cattle (OR, 2.1; 95% CI, 1.05, 4.08). Characterization of isolates
for the presence of EHEC, which was defined as isolates positive
for any stx gene as well as eae, identified 108 (62%) animals as
shedding EHEC. A total of 60 (75%) beef cattle and 48 (51%)
individual dairy cattle were positive for EHEC, while 20 (25%)
beef cattle and 47 (49%) dairy cattle were shedding STEC, which
were defined as stx-positive isolates lacking eae. No significant
difference in EHEC prevalence was observed between the dairy
and beef herds (P � 0.9), though differences were observed across
herds. For example, STEC predominated in one beef herd, being
detected in 24 of the 29 (83%) stx-positive animals, while EHEC
was found in 22 of the 24 stx-positive animals in another beef herd.
Seventeen (16%) EHEC-positive animals were also positive for
STEC.

Host factors associated with STEC shedding in dairy cattle. A
univariate analysis was first performed to identify host factors as-
sociated with STEC (both STEC and EHEC combined) shedding.
Notably, cattle in their first lactation were at higher risk for shed-
ding STEC (OR, 1.6; 95% CI, 1.04, 2.58) than animals with more
than one lactation period (Table 2). In all, 279 (40%) cows were in
their first lactation, and 56% of these animals were sampled dur-
ing 2011. The mean and standard deviation number of lactations
for the cows sampled were 2.12 and 1.29, respectively, with a range
of 0 to 10 lactations.

STEC shedding was also significantly more common in cows
during the first 30 days of lactation (OR, 3.8; 95% CI, 2.07, 6.90)

than in animals that had been lactating for more than 30 days. A
total of 579 (82.4%) cows had been lactating for more than 30
days, while 70 (10%) cows were sampled during the first 30 days of
lactation. The remaining 8% of cattle, which belonged to four of
the six dairy herds, were not lactating at the time of sampling. The
mean and standard deviation for the number of days in milk were
176.51 and 141.77, respectively, with a range of 0 to 1,212. Al-
though 14 of the 21 (67%) STEC-positive cows in the first lacta-
tion were in the first 30-day lactation period and 32 (50%) STEC-
positive cows had been lactating for more than 30 days, this
difference was not statistically significant. Both lactation number
and the number of days in milk were included in the final multi-
variate model.

Herd-specific factors associated with STEC shedding in dairy
cattle. Several herd-specific variables were associated with STEC
shedding in the univariate analysis (Table 2). For example, when
the average maximum temperature 1 to 5 days prior to sampling
exceeded 28.9°C, there was a higher likelihood of STEC shedding
compared to that for animals sampled at lower temperatures (OR,
2.0; 95% CI, 0.99, 4.03). No significant difference in STEC posi-
tivity among samples processed on ice and those processed with-
out ice was detected, even after controlling for herd, season, and
year.

Daily cleaning of cattle feeders was also associated with a lower
risk of STEC shedding than less frequent cleaning (OR, 2.0; 95%
CI, 0.96, 4.11); however, the environmental cleanliness scores,
which represented a visual subjective evaluation of farm cleanli-
ness by the interviewer, was not significant (P � 0.14). Other
variables, such as housing transition cows separately, were re-
ported at the same frequency as other variables (e.g., cleaning of
cattle feeders) across herds and resulted in similar univariate as-
sociations. Although access to pasture or a dry lot was not signif-
icantly associated with STEC shedding (P � 0.4), there was a ten-
dency for cattle with access to pasture to have higher STEC
frequencies. Specifically, 18% of cattle with pasture access were
positive for STEC, whereas 12% of cattle without pasture access
were positive for STEC.

In the five herds with a history of antimicrobial use for the
treatment of respiratory diseases, the odds of STEC shedding was
significantly lower (OR, 0.3; 95% CI, 0.19, 0.52) than that in the six

FIG 1 Prevalence of enterohemorrhagic E. coli (EHEC) and Shiga toxin-pro-
ducing E. coli (STEC) by stx profile and herd type.

TABLE 1 Herds sampled for STEC and number of positive cattle per
herda

Herd Type
Total no. of
animals

No. (%) of
animals
sampled

No. (%) of
STEC-positive
animals

Yr of
sampling

B1 Beef 136 136 (100) 11 (8.2) 2011
D2 Dairy 320 154 (48) 13 (8.7) 2011
B3 Beef 36 36 (100) 3 (9.4) 2011
D4 Dairy 3,000 175 (9) 24 (13.8) 2011
D6 Dairy 98 94 (96) 6 (6.4) 2011
D7 Dairy 12,000 100 (1) 13 (13.0) 2012
B8 Beef 54 54 (100) 29 (53.7) 2012
D9 Dairy 243 100 (41) 28 (28.0) 2012
D10 Dairy 530 101 (19) 11 (10.9) 2012
B11 Beef 83 83 (100) 13 (15.7) 2012
B12 Beef 75 75 (100) 24 (32.0) 2012
a Samples were lost from 12 animals from herds B1 (n � 2), D2 (n � 5), B3 (n � 4),
and D4 (n � 1).
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herds in which antimicrobials were not used. Among the herds in
which antimicrobials were used, ceftiofur, florfenicol, and tulath-
romycin were the most common agents used for treatment. In
contrast, antimicrobial use for the treatment of foot infections or
metritis was not associated with STEC positivity (P � 0.14). The
most common treatment for foot infections was copper sulfate,
whereas ceftiofur and oxytetracycline were used for metritis. Sim-
ilar to respiratory disease treatments, the prophylactic use of an-
thelmintics, a control measure applied in four of the six dairy
herds, was also significantly associated with decreased STEC shed-
ding. The four herds in which the use of anthelmintics was re-
ported had a lower likelihood of STEC shedding (OR, 0.4; 95% CI,
0.23, 0.84) than the remaining two herds.

Several dietary variables were also examined, including the
percentage of corn silage, distiller’s grains, and cottonseed as well
as the use of monensin (Rumensin) and direct-fed microbials.

Among these variables, only direct-fed microbial use yielded a
significant association with STEC shedding; 9% of cows that were
given a direct-fed microbial product were positive for STEC,
whereas 17% that were not given a direct-fed microbial product
were positive for STEC (OR, 0.4; 95% CI, 0.23, 0.83). Because
dairy farms had different diets for dry and lactating cows as well as
cows with different levels of milk production, comparisons among
herds was difficult for the diet-associated variables.

Associations were also observed for reported contact with do-
mestic animals and wildlife. Two herds with continuous (OR, 2.7;
95% CI, 1.09, 6.52) and frequent (OR, 1.3; 95% CI, 0.53, 3.00)
exposure to rodents and raccoons, for instance, had a higher risk
for STEC shedding than herds with rare exposures. On the other
hand, cows without frequent exposure to dogs had a lower likeli-
hood of STEC shedding than cows with regular contact with dogs
(OR, 0.4; 95% CI, 0.23, 0.83). Interestingly, herds for which man-
agers reported raccoon exposure were less likely to have frequent
dog exposures (P � 0.0001). No association was identified for
regular contact with birds, horses, opossum, deer, or cats.

Multivariate analysis of factors associated with STEC shed-
ding in dairy cattle. On the basis of the strength of the associations
identified in the univariate analyses, several variables were in-
cluded in the final model as fixed effects, with herd being included
as a random effect. These variables were the average maximum
temperature 1 to 5 days before sampling, lactation number, and
number of days in milk. In all, a total of 692 animals were included
in the final model; 26 animals had missing values for one or more
of the variables examined.

A higher average temperature (�28.9°C) increased the likeli-
hood of STEC shedding 2.5 times compared to that for lower
sampling temperatures (Table 3). Adjusting for temperature in
the model also strengthened the associations between shedding of
STEC and lactation and milk production. Cattle in their first lac-
tation, for example, were 1.8 times more likely to shed STEC than
cattle with two or more lactations. Additionally, cows that were in
their first 31 days of milk production were 3.9 times more likely to
shed STEC than those cows that had been producing milk for
longer periods of time.

Controlling for temperature, lactation number, and number of
days in milk production also yielded protective associations be-
tween STEC and access to pasture as well as anthelmintic use and
use of antimicrobials to treat respiratory disease. No significant

TABLE 2 Univariate analysis of factors associated with STEC shedding
in dairy cattle belonging to six herds in Michigana

Characteristic
No. (%) with
characteristic

No. (%)
with
STEC OR (95% CI) P value

Animal-specific factors
Lactation status

Dry 53 (7.4) 4 (7.6) 0.6 (0.21, 1.88) 0.41
Lactating 661 (92.6) 90 (13.6) Reference

Lactation no.
1st lactation 279 (39.6) 49 (17.6) 1.6 (1.04, 2.58) 0.03
�2 lactations 426 (60.4) 44 (10.3) Reference

Days in milk
0 days 54 (7.7) 5 (9.3) 1.1 (0.40, 3.00) �0.0001
1–30 days 70 (10.0) 21 (30.0) 3.8 (2.07, 6.90)
�30 days 579 (82.4) 64 (11.1) Reference

Herd-specific factors
Percent of lactating

cattle
�50% 94 (13.1) 6 (6.4) 0.4 (0.12, 1.35) 0.14
�50% 518 (72.1) 54 (56.8) Reference

Access to pasture
No 524 (73.0) 61 (11.6) 0.7 (0.29, 1.64) 0.40
Yes 194 (27.0) 34 (17.5) Reference

Culling rate
Low (�31%) 195 (27.2) 17 (8.7) 0.5 (0.22, 1.25) 0.15
High (�31%) 523 (72.8) 78 (15.0) Reference

Use of anthelmintics
Yes 518 (72.2) 54 (10.4) 0.4 (0.23, 0.84) 0.01
No 200 (27.9) 41 (20.5) Reference

Treatment for
respiratory
infection
Yes 618 (86.1) 67 (10.8) 0.3 (0.19, 0.52) �0.0001
No 100 (13.9) 28 (28.0) Reference

Use of direct-fed
microbials
Yes 344 (47.9) 30 (8.7) 0.4 (0.23, 0.83) 0.01
No 374 (52.1) 65 (17.4) Reference

Exposure to
rodents/raccoons
Continuous 200 (27.9) 41 (20.5) 2.7 (1.09, 6.52) 0.03
Frequent 369 (51.4) 41 (11.1) 1.3 (0.53, 3.00)
Rare 149 (20.8) 13 (8.7) Reference

Any exposure to
dogs
No 374 (52.1) 65 (17.4) 0.4 (0.23, 0.83) 0.01
Yes 344 (47.9) 30 (8.7) Reference

a Herd was included as a random effect in the univariate analysis. Generalized linear
mixed models were used to calculate the P values, odds ratios (OR), and 95%
confidence intervals (CI). The number of animals with a given characteristic may differ
depending on the variable examined.

TABLE 3 Multivariate analysis highlighting factors associated with
STEC shedding in dairy cattle from six herds in Michigana

Variable Odds ratio
95% confidence
interval P value

Maximum temp
(�28.9°C) 1–5 days
before sampling

2.5 1.25, 4.91 0.009

First lactation 1.8 1.09, 2.83 0.02
Days in milk (range, 1–30) 3.9 2.12, 7.18 �0.0001
Access to pasture 0.6 0.35, 0.95 0.03
Anthelmintic treatment 0.5 0.29, 0.76 0.003
Treatment for respiratory

infections
0.4 0.21, 0.70 0.002

a Herd was included as a random effect. Temperature, lactation status, and days in milk
were included in the final model, and the values presented for these three variables are
adjusted for the other two variables. All additional variables were added separately to
the final model and were adjusted for each of these three variables.
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associations were observed for direct-fed microbial use, monensin
treatment, the culling rate, or contact with deer, dogs, and rac-
coons, all of which yielded noteworthy associations in the univar-
iate analysis.

Factors associated with STEC shedding in beef herds. A uni-
variate analysis was also conducted to identify factors associated
with STEC shedding in the five feedlots. The two beef herds sam-
pled during 2011 had a decreased likelihood of STEC shedding
compared to that for the three herds sampled during 2012 (OR,
0.19; 95% CI, 0.06, 0.65) (Table 4). Because there was a significant
difference in the maximum temperature 1 to 5 days prior to sam-
pling between the two years (P � 0.0001), it is possible that year-
to-year variation in STEC prevalence was completely confounded
by the average maximum temperature. Similar to the findings for
cattle from dairy herds, cattle from beef herds sampled during
high temperatures (�28.9°C) were six times more likely to shed
STEC than cattle from herds sampled during lower temperatures
(P � 0.0001).

The two beef herds for which frequent or continuous contact
with opossums, dogs, deer, and skunks was reported had a higher
likelihood of STEC shedding than the three herds for which no
such contact was reported. Because unique treatment and clean-
liness practices were also found for these two herds, it was not
possible to identify which factors were most important for shed-
ding in this analysis. For example, the use of both anthelmintics
and monensin was also reported for these two beef herds, and they
were 0.2 times less likely to shed STEC (95% CI, 0.04, 0.57) than
cattle from herds in which these two products were not used. The

use of more than one type of antibiotic for treatment of respira-
tory infections was also reported for these herds, and they had a
higher odds of STEC shedding than animals on farms using only
one type of antibiotic (OR, 5.9; 95% CI, 2.79, 12.70). The same
association was observed for the treatment of foot infections, as
cattle from the same set of farms using oxytetracycline rather than
other agents were significantly more likely to shed STEC. Contrary
to the findings for dairy cattle, direct-fed microbial use was not
significantly associated with decreased STEC shedding in the uni-
variate analysis (P � 0.45), though the use of these products was
reported for only one herd.

The diet was also very similar across herds with the exception
of one (n � 54 cows), the cattle of which were raised on a pasture;
importantly, this herd had the highest prevalence of STEC (54%).
Consequently, pasture access was significantly associated with
STEC shedding, as were Angus breed and a corn silage diet, high-
forage diet (100%), and 0% total mixed ration (TMR), which were
also unique to this herd. Because of the high prevalence of STEC in
this single herd and the uniqueness of the animals and manage-
ment practices relative to those on the remaining feedlots, a mul-
tivariate analysis could not be conducted for the beef herds. In-
deed, there was not enough variability to use herd as a random
effect, and hence, our ability to identify herd-specific factors im-
portant for STEC shedding in beef cattle was limited.

DISCUSSION

An evaluation of 1,096 cattle in five dairy and six beef herds in
Michigan demonstrated significant variation in the prevalence of
STEC. Although all 11 herds had at least one STEC-positive ani-
mal, the prevalence ranged considerably across herds, with signif-
icant variation being detected between the two sampling periods
and herd types. Contrary to our finding that beef cattle had a
greater frequency of STEC than dairy cattle, a prior study from
Washington State reported a higher prevalence in dairy farms
than in feedlots (25). Given the challenges associated with STEC
detection and the use of different methodologies, however, it is
not surprising to observe variation in the prevalence of STEC
across studies. In this Michigan study, one beef herd had the high-
est overall prevalence of STEC relative to all other herds and,
hence, may have been responsible for several of the observed as-
sociations. Indeed, when data for this beef herd were omitted from
the STEC prevalence estimates, there was no significant difference
between dairy and beef herds (P � 0.28). Because of this bias and
a difference in cow-level and management risk factors, the multi-
variate analysis solely focused on identifying predictors of STEC
shedding in dairy cattle.

On the basis of the findings of prior studies, it is evident that
several factors are likely to be innate contributors of STEC preva-
lence and persistence in a given environment or host. For exam-
ple, geographical location, particularly those areas with high cattle
densities, has previously been shown to impact the incidence of
human STEC O157 infections in Canada and The Netherlands
(13, 26). Another study conducted in Germany observed a 68%
increased risk of human STEC infections for 100 additional cattle
per km2, though the risk differed depending on the serotype (27).
In the United States, considerable variation in the number of hu-
man STEC infections was also observed across the 10 Foodborne
Disease Surveillance Network (FoodNet) sites (4), further high-
lighting the importance of geographical or region-specific risk fac-
tors. Variations in the serotype and stx gene distribution have also

TABLE 4 Univariate analysis of factors associated with STEC shedding
in beef cattle belonging to five herds in Michigana

Characteristic
No. (%) with
characteristic

No. (%)
with
STEC OR (95% CI) P value

Maximum temp 1–5
days prior to
sampling

�28.9°C 129 (34.1) 53 (41.1) 6.0 (2.79, 12.70) �0.0001
�28.9°C 249 (65.9) 27 (10.8) Reference

Treatment for
respiratory disease

Several antibiotics 129 (34.1) 53 (41.1) 5.9 (2.79, 12.70) �0.0001
Only one antibiotic

type
249 (65.9) 76 (59.0) Reference

Anthelmintic/monensin
treatment

Yes 324 (85.7) 51 (15.7) 0.2 (0.04, 0.57) 0.005
No 54 (14.3) 29 (53.7) Reference

Pasture access/unique
diet

Yes 54 (14.3) 29 (53.7) 6.6 (1.77, 24.31) 0.005
No 324 (85.7) 51 (15.7) Reference

Breed
Holstein 83 (22.0) 13 (15.7) 1.0 (0.26, 4.14) 0.019
Angus 54 (14.3) 29 (53.7) 6.6 (1.69, 25.89)
Crossbreed 241 (63.8) 38 (15.8) Reference

a Herd was included as a random effect in the univariate analysis. Generalized linear
mixed models were used to calculate the P values, odds ratios (OR), and 95%
confidence intervals (CI). The number of animals with a given characteristic may differ
depending on the variable examined. Pasture access, corn silage diet, high-forage diet
(100%), and 0% total mixed ration all yielded the same association, as these
characteristics were unique to one herd with the highest STEC prevalence.
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been observed. In 2012, the number of human non-O157 STEC
infections surpassed the number of STEC O157 infections in
Michigan (6), which is consistent with the increasing incidence of
non-O157 infections observed nationwide (4). Among the 11 cat-
tle herds sampled in 2011 and 2012, non-O157 STEC predomi-
nated in animals from all but one herd. Importantly, the majority
(71%) of the isolates recovered from these animals were stx2 pos-
itive regardless of the serotype. This finding is in agreement with
the findings of previous studies from other locations (28, 29) and
is of importance, given that stx2-based infections have been linked
to more severe disease outcomes in humans (30–32). Likewise,
68% of the animals were positive for EHEC, which has also been
linked to enhanced virulence (10). Given that specific serotypes
have been linked to more severe infections, the isolates recovered
in this study will need to be further characterized in the future to
assess shedding frequencies by serotype.

Similar to the epidemiology of STEC in humans, variations in
its prevalence have been observed in cattle populations in those
studies that utilize the same diagnostic tools; comparisons cannot
be made among studies that use different methods. The United
States Department of Agriculture (USDA), for instance, has re-
ported regional variation in prevalence rates in dairy herds (33),
which has been observed in other countries as well (29, 34, 35). In
our study, significant variation was observed across farms, though
additional geographical studies are needed to identify specific eco-
logical and landscape factors that may impact prevalence and per-
sistence. We did note, however, that higher temperatures 1 to 5
days prior to sampling were significantly associated with STEC
shedding in both the beef and dairy herds. This finding is consis-
tent with other reports demonstrating higher shedding frequen-
cies in the summer months regardless of the geographical location
(20, 25, 36–38). It is clear that the higher temperatures promote
bacterial growth and survival in the environment as well as in food
and water sources, thereby increasing the likelihood of transmis-
sion and prevalence in a herd (39). Access to deer and other wild-
life reservoirs as well as an increased prevalence of Stx bacterio-
phage populations in the warm summer months may also play a
role in transmission (24). While contact with various wildlife and
domestic animals was not identified by the multivariate analysis to
be a risk factor for STEC shedding in dairy cattle, additional stud-
ies are needed to identify the importance of these factors for the
persistence, shedding, and interherd transmission of Stx bacterio-
phages. The negative correlation between dogs and exposure to
raccoons in the dairy herds, for instance, is noteworthy and may
indicate that dogs can decrease the risk of STEC acquisition in
cattle by limiting wildlife exposure.

Through our multivariate analysis, we also identified several
cattle-specific risk factors for STEC shedding in dairy cattle. The
association with first lactation is notable, as no difference in prev-
alence between lactating and dry cows or in the percentage of
lactating cattle on the farms was observed. This finding suggests
that the stage of lactation is most important for shedding in this
dairy cattle population. Although other studies have observed op-
posite trends (29), this finding is in agreement with the findings of
earlier studies that reported associations between STEC shedding
and animal age and/or lactation number. Indeed, several prior
studies have reported differences in STEC shedding in young ver-
sus old animals (40–43). A prior study from Minnesota found that
dairy calves were significantly more likely than adult cows to be stx
positive (42), while a Dutch study found that dairy calves between

4 and 12 months of age were more frequently positive for STEC
O157 (40). With regard to age at the time of calving, a German
study found that animals undergoing first lactation had a higher
risk of STEC shedding than older cows (44), while a longitudinal
study in the United Kingdom reported the prevalence of STEC
O157 to be the highest in cows 2 years of age, the typical age at first
calving (43). Although the multitude of factors that could contrib-
ute to the association between lactation number and STEC are not
completely understood, they could be related to stress and the
energy requirements needed by cows in the first lactation (45), in
addition to decreased immune function. A negative energy bal-
ance, which is common during the first lactation, has been sug-
gested to alter the digestive microbiota composition (45), which
could potentially favor STEC colonization and shedding.

In Michigan dairy cattle, we also observed STEC shedding fre-
quencies to be the highest in animals at the beginning of their
lactation cycle. A similar finding was observed in dairy cattle from
the United Kingdom, as STEC O157 shedding peaked in the first
month of lactation, followed by lower levels of shedding and then
a less intense increase at 7 months postpartum (43). It was also
suggested that modifications to the diet may explain changes in
STEC shedding frequencies, since dietary changes could alter the
intestinal microbiota, thereby favoring STEC growth (43). During
early lactation, significant physiological and metabolic changes
occur with high metabolic demand, which may favor intestinal
STEC colonization and shedding (46). Two additional studies,
however, found no association between STEC and stage of lacta-
tion, yet these studies also focused only on STEC O157 and were
conducted in the southwestern United States (45, 47).

Importantly, most of the associations identified through this
study may contribute in some way to animal stress, though little is
known about the short-term impact of stress on bovine immune
function (48). Heat stress has been suggested to impact STEC
O157 shedding and was found to be important for Salmonella
shedding as well (45). Not all studies, however, have observed
differences associated with ambient temperature (45, 49, 50),
which varies considerably by geographic location. The lack of pos-
itive associations between STEC shedding and the degree of ani-
mal contact and the number and proportion of lactating cattle
provides support for the hypothesis that specific stressors may
enhance host susceptibility and contribute to shedding. This is in
contrast to the hypothesis that specific stressors impact STEC
transmission, acquisition, and subsequent shedding. Indeed, pro-
tective effects were observed for access to pasture and both anthel-
mintic and respiratory disease treatments, which could impact
STEC acquisition frequencies. Additional studies are greatly
needed to characterize the strain types that are shed during lacta-
tion to better understand the epidemiology of STEC in dairy cat-
tle. On the basis of the findings of this study, it is possible that
control strategies might be considered for dairy cattle in their first
lactation and/or within the first 30 days of milking. Such strategies
could potentially decrease STEC shedding frequencies and the po-
tential for transmission to other animals on the farm and in the
environment.
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